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CHAPTER 1. GENERAL INTRODUCTION 
 
Introduction 
Animal manure is important as a resource to supply essential nutrients to plants and 
can also improve soil physical properties and hence improve crop productivity. Animal 
manures are metabolic products composed of mixtures of inorganic and organic compounds. 
Over the past years, the utilization of animal manure by farmers increased because farmers 
can reduce input costs by reducing inorganic fertilizer application rates and thus improving 
the utilization of plant nutrient resources. Manure management practices have also gained 
importance especially because of the risk of pollution of surface and shallow ground-waters 
due to over application of nutrients. Utilization of manure for crop production requires more 
work than inorganic fertilizer, and its transport and application is more costly because of low 
nutrient concentration. Also, its variation on nutrient forms and concentrations introduces a 
great deal of uncertainty for its efficient use. 
Phosphorus (P) is one of the important most essential nutrients in animal manure. 
Manure contains different forms and varying proportions of organic and inorganic forms of 
P. Therefore, animal manure has P forms that are not available for immediate plant uptake, 
but may become available over time. However, efficient use of manure P is complicated by 
variable P concentration, uncertainty about the plant-availability of organic P form, and 
potential loss during storage and handling. In the past two decades, research has been 
conducted to assess P availability of manure P from several animal species, but few studies 
were conducted with beef cattle manure. In Iowa, for example, current estimates are at least 
four decades old and are based on few data. 
1 
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Therefore, the objectives of this study were to (i) survey manure P composition and 
other relevant properties from a representative number of beef cattle production operations in 
Iowa and (ii) estimate the crop-availability of P in some types of beef manure by soil testing 
using an incubation technique with three typical Iowa soils. 
 
Thesis Organization 
This thesis is presented as one paper suitable for publication in scientific journals of 
American Society of Agronomy. The title of the paper is Application of Soil Test Methods to 
Study the Availability of Phosphorus in Beef Cattle Manure. The paper includes sections for 
an abstract, introduction, materials and methods, results and discussion, conclusions, 
references, and tables or figures. The paper is proceed by a general introduction and is 
followed by a general conclusion section.  
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CHAPTER 2. APPLICATION OF SOIL TEST METHODS TO STUDY THE 
AVAILABILITY OF PHOSPHORUS IN BEEF CATTLE MANURE 
 
 
A paper to be submitted to Agronomy Journal 
Nicolas E. Dagna, Antonio P. Mallarino, and Mazhar Haq 
 
 
Abstract 
Characterizing beef cattle (Bos taurus) manure P and its crop availability is essential 
to improve the utilization of this resource. The objectives of this study were to survey beef 
cattle manure in Iowa, analyze manure for P and other chemical properties, and determine the 
crop-availability of selected sources by soil testing. The survey samples (107) were classified 
into five categories according to animal and manure management: with bedding (BEDDED), 
open concrete floor (CONCRETE), dirt floor (DIRT), no feeding of corn (Zea mays L.) co-
products (NoCCP), and slurry from deep pits (PIT). Manure total P (TP) and proportion of 
water-soluble P (MWSP) were higher for BEDDED, CONCRETE, and PIT [10, 11, 15 g TP 
kg
-1
 - dry matter (DM) basis - and 59, 57, and 55% of MWSP, respectively] than for DIRT 
and NoCCP. Representative samples from each group were selected for P fractionation 
analysis, and a P source-soil 23-wk incubation study that also included di-ammonium 
phosphate (DAP) and a control. All P sources were applied at 87 kg TP ha
-1
. Soils were 
Adair (Aquertic Argiudolls), Harps (Typic Calciaquolls), and Nicollet (Aquic Hapludolls). 
There were not significant or small and inconsistent changes of Bray-1 (BP), Mehlich-3 
(M3P), Olsen (OP), and water-extractable (WEP) P levels over the incubation period 
between all sources and soils. On average, manure P effectiveness relative to DAP was 
greater for M3P and OP (79 and 80%) than for BP and WEP (77 and 74%); and 73, 84, and 
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76% with Adair, Harps, and Nicollet soils, respectively. On average across all soil P test 
methods, soils, and sources manure P efficiency relative to DAP differed among sources and 
was greatest for BEDDED and CONCRETE (84 and 85%), intermediate for PIT and DIRT 
(77 and 74%), and lowest for NoCCP (69%). 
 
Introduction 
Animal manure is a valuable source of plant nutrients and it is commonly used in 
many agricultural systems to provide crop nutrient needs. The total quantity of animal 
manure nutrients generated in the world is roughly equivalent to 75% of commercial nitrogen 
(N), 100% of commercial phosphorus (P), and 200% of commercial potassium (K) (MWPS, 
2000; International Fertilizer Industry Association, 2003). However, the collectable nutrients 
from animal manure used for land application correspond to 10, 35, and 60% of the used 
commercial N, P, and K fertilizers in the USA, respectively (MWPS, 2000; USDA Foreign 
Agricultural Service, 2003; International Fertilizer Industry Association, 2003). In North 
America, 1146 million metric tons of cattle manure are produced annually (MWPS, 2000). 
The USDA (2012) has reported that in USA, cattle and calves for slaughter market increased 
1% in 2012, although in Iowa decreased 6% the same year. Since 2004, the total number of 
animal heads in Iowa has increased, and currently, the total reported number is 3.9 million 
with 33% confined into feedlot systems for the beef market. A steer weighing 500 kg being 
fed a finishing diet excretes 1.96 kg of solid (dried basis) manure per day (Midwest Plan 
Service, 2004), which considering 1.3 millions of finishing steers in Iowa would result in 
2548 tons of manure (dry basis) produced daily in Iowa. Therefore, producers should adopt 
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sustainable manure management practices to optimize utilization of nutrients in manure 
while minimizing potentially negative effects of excess nutrient application on water quality. 
Land application of beef manure as well as other manure sources is mainly localized 
near confined feeding operations due to the high transportation costs per unit of nutrient 
(Kellogg et al., 2000). Producers sometimes consider manure as a waste and it is applied 
without consideration of its nutrient value, which wastes nutrients and increases the risk of 
water quality impairment due to excess nutrient application. Application of N-based manure 
rates for cereal crops often also result in a significant excess P application because N:P ratios 
of most animal manure types are narrower than the crop needs in most soils. Eghball and 
Power (1999) found that P-based manure or compost application resulted in soil-test P (STP) 
levels similar to the original level after 4 years of application, but N-based application 
resulted in significant STP buildup of up to 256 mg P kg
-1
. This is because N:P ratios of most 
manure types are narrower than the N:P uptake ratios of most crops. Therefore, a manure 
nutrients management plan is essential in order to prevent over-application of some nutrients 
and potentially threaten water quality. For this reason, state or federal agencies in charge 
maintaining acceptable water quality levels regulate manure application to agricultural fields 
for large animal feeding operations. In Iowa, for example, roofed or partially roofed feedlots 
with more than 500 animal units are required to have a manure management plan (Iowa 
DNR, 2004). 
Animal manure differs from inorganic fertilizers in that manure contains organic and 
inorganic forms of nutrients, and their concentrations vary greatly across and within animal 
species. Moreover, other factors such as animal size, housing and rearing management, 
animal diet, and manure storage and handling systems can affect nutrient concentrations. 
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Therefore, manure analysis is highly recommended prior to application as a best management 
practice in most states, although careful sampling is required because manure is a 
heterogeneous material (Dao et al., 2001; Rieck-Hinz et al., 2003). 
Manure contains organic and inorganic nutrient forms. It is important to have 
accurate knowledge of amounts and proportions of different P forms in manure, since not all 
forms of P in manure are immediately available for crops, and some P fractions may be more 
prone to be lost (i.e., via runoff) from the soil to water resources. For example, organic P (Po) 
forms may not be immediately available for plant uptake but may become available over time 
since they have to hydrolyze or be mineralized to plant available, with these processes 
greatly affected by temperature and soil moisture (Cassman and Munns, 1980; He and 
Honeycutt, 2001; Eghball, 2002). Manure P forms have been studied using different 
techniques. Leinweber (1996) reported that 27% and 10% of the total P (TP) concentration in 
poultry (Gallus gallus domesticus) litter and swine (Sus scrofa domesticus) manure samples, 
respectively, was water soluble (MWSP). He and Honeycutt (2001) indicated that although 
49% of P in dry swine manure was organic, 43% of the TP was an easily hydrolysable simple 
monoester form. Barnett (1994) found that Po in manure from 13 broiler (Gallus gallus 
domesticus) feeding facilities and 11 hen laying facilities ranged from 41 to 88% and 30 to 
60% for broiler and hens, respectively. Sharpley and Moyer (2000) used a sequential 
fractionation technique to study manure P and reported that inorganic P (Pi) in dairy (Bos 
taurus), poultry manure, poultry litter, and swine manure slurry was 63, 84, 90 and 91% of 
TP, respectively. Another P fractionation study of dairy and poultry manures, reported 50 to 
67% of the total Pi was MWSP, 13 to 20% extracted by NaHCO3, 5% by NaOH, 5 to 20% by 
acid, and 2 to 5% was residual P (Dou et al., 2000). Ajiboye et al. (2004) indicated that beef 
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manure had the highest proportion of Po (50%) compared to other organic amendments. 
Kleinman et al. (2005) indicated that MWSP concentration was affected by manure storage 
system, in which dry manures contained significantly lower MWSP concentration (3.9 g kg
-1
) 
than manure from liquid storage systems (5.4 g kg
-1
). Also, beef cattle manure had the lowest 
averaged MWSP concentration (2.3 g kg
-1
) compared to dairy, broiler, layer, swine and 
turkey (Melleagris gallopavo) manures. 
Increased feeding of co-products of the bioenergy industry has introduced more 
variation and uncertainty concerning the P forms in animal manures and the crop-availability 
of the P. For example, distiller’s grain is a by-product of the process of corn (Zea mays L.) 
grain for ethanol production, and it is an excellent source of protein and energy for livestock 
diets, improving cattle performance and profitability (Vander Pol et al., 2005; Klopfenstein et 
al., 2007a). Lawrence (2006) estimated a 60 to 90% adoption of dry distillers grains (DDG) 
for livestock in Iowa. The beef industry has the highest average inclusion of distiller’s grains 
in rations (33%) compared to dairy (20%), poultry (10%), and swine (10%). Feeding 
distillers grains in rations at rates such these increases P content of manure (Wu et al., 2001; 
Baxter et al., 2003; Maguire et al., 2004). The content of N and P in dry distillers grains with 
soluble (DDGS) is approximately three times compared to unprocessed grain because starch 
is removed during fermentation process (Spiehs et al., 2002). Dried rolled corn has nearly 
0.32% of P on a dry matter (DM) basis, but dry distillers grains with solubles (DDGS) and 
wet distillers grains with solubles (WDGS) have a P concentration (DM basis) of 0.51 and 
0.84%, respectively (Klopfenstein et al., 2007b; Loy and Miller, 2008). The inclusion of 
distillers grains from corn-based ethanol in beef rations increased linearly manure TP 
concentration (Rincker and Berger, 2003; Spiehs and Varel, 2009). Hao et al. (2009) found 
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that inclusion in diets of 40 and 60% of WDGS from wheat (Triticum aestivum L.) grain 
ethanol, not only increased the TP in manure but also the MWSP concentration. 
Few studies have evaluated the availability of different manure P fractions for crops. 
On a 363-day controlled environment chamber bioassay study, Zvomuya et al. (2006) 
indicated that apparent P recovery, determined by dividing P plant uptake to TP applied, was 
significantly lower for beef composted manure (24%) than for non-composted beef manure 
(33%), but there was no significant difference between both organic amendments and the 
inorganic P fertilizer (KH2PO4). It was also demonstrated with a 93-day greenhouse 
experiment with rye-grass (Lolium perenne L.) that composted poultry and swine manures 
had 0.36 and 0.57 relative P effectiveness of plant P uptake, respectively, compared to triple 
superphosphate. Moreover, it was indicated that the iron-oxide coated paper P extraction 
predicted better crop P availability than sulfuric acid (0.5 M H2SO4), Bray-1 (BP), and Olsen 
(OP) extractions as evaluated by P recovery comparison of plant uptake from organic sources 
and inorganic fertilizer (Velthof et al., 1998). 
Availability of applied and indigenous P measured by soil testing is influenced by 
several factors such as soil P sorption, precipitation-dissolution reactions, soil texture, and 
soil organic carbon (Sharpley, 1983). Indiati and Sharpley (1998) have indicated that active 
P, represented by P extracted with iron-oxide paper strips, decreased as soil sorption index 
(Bache and Williams, 1971) increased, with less than 54% of the added P could be removed 
by the Fe-oxide strips. Also, plant uptake of manure-derived P depends on type of animal 
manure and rate of application. Studies conducted with bermudagrass [Cynodon dactylon 
(L.)] indicated that P uptake increased when the annual application rates of dairy and swine 
manure increased, but the apparent recovery by bermudagrass decreased with increased P 
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application rates (Burns et al., 1985; Sanderson and Jones, 1997). Warman (1986) reported 
that timothy (Phleum pretense L.) recovered 28% of the fertilizer P applied at a rate of 58 kg 
P ha
-1
 yr
-1
 for 2 years compared to 9% for a similar low P rate using poultry manure but 7% 
from a higher rate (116 kg P ha
-1
 yr
-1
) of the same manure. 
Research with a mixture of tall fescue (Festuca arundinacea Schreb.) and bluegrass 
(Poa pratensis L.) found that P recovery by the harvested forage was greater for the 
inorganic fertilizer treatment (48%) than the poultry manure treatment (13%) receiving same 
rate (33 kg P ha
-1
) during the first year of application (Lucero et al., 1995). Eghball and 
Power (1999) compared inorganic fertilizer and beef manure P effects on soil test values in 
Nebraska. In a 4-year study, they applied fertilizer and non-composted and composted beef 
manure to continuous corn at rates based on N or P removal. They reported that all P sources 
increased corn yield over the not amended control, with no difference in yield between 
fertilizer and manure treatments. However, apparent P use efficiency, determined by 
averaged grain P concentration, across the four years was higher for fertilizer (40%) than for 
non-composted P based manure (30%) or composted P based manure (32%) applied yearly. 
Based on (STP) and plant P uptake one year after application (Eghball and Power, 1999), P 
availability for cattle feed-lot manure and for composted cattle manure was 85 and 73%, 
respectively, during the first year of application. 
Several incubation studies have been conducted to evaluate P availability from 
manure sources. For instance, Laboski and Lamb (2003) indicated that swine manure P was 
more available than inorganic fertilizer P from 1 to 9 months of incubation period. This result 
was explained by the high preferential sorption of inositol hexaphosphate by soil particles 
resulting in the release of inorganic P bound to the soil or by organic acids produced during 
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microbial degradation of manure that caused the increase of P availability from manure. In a 
recent incubation experiment, Pagliari and Laboski (2010) reported that the relative 
effectiveness of P in beef manure compare to inorganic fertilizer ranged from 49 to 63% 
across soils when evaluated by soil testing. Eghball et al. (2005), based on a 2-mo incubation 
study complementary to a field experiment, reported that beef manure averaged 72% plant-
available P compared to inorganic fertilizer. Schwartz and Dao (2005) found that STP 
measured by Mehlich-3 (M3P), OP, and water-extractable P (WEP) methods for KH2PO4-
amended soils averaged 22, 34 and 115% higher, respectively, than for similar soils amended 
with beef manure or composted beef manure. 
University guidelines across states vary regarding crop P availability of beef cattle 
manure, and range from 60 to 100% of TP across several states of the Midwest (Hoeft, 2003; 
Killorn and Lorimor, 2003; Blanchet and Schmitt, 2007; Sawyer and Mallarino, 2008). In 
Indiana, 80 to 90% of beef manure TP is considered plant-available during the first year after 
application (Joern and Brickford, 1993). In Nebraska, extension guides indicate that 70% of 
the TP applied is available during first year (Koelsch and Shapiro, 2006). In Wisconsin, it is 
suggested that 60, 10 and 5% of the total P applied is available the first, second, and third 
year after application, respectively (Laboski et al., 2006). In Iowa, the beef cattle manure P 
availability ranges from 60 to 100% of TP, and it is recommended to assume 60% 
availability for low-testing soils and 100% for maintenance of optimum STP levels (Sawyer 
and Mallarino, 2008). 
In Iowa, field research has been conducted to evaluate the response of corn and 
soybean to liquid swine manure and poultry manure P. Barbazan et al. (2008) found no 
evidence for a lower crop availability of liquid swine manure P compared with inorganic 
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fertilizer, and that no supplemental P fertilization is required for yield increase when swine 
manure was applied at P rates for supplying crop needs. Kaiser et al. (2010) showed that 
when poultry manure was applied at the lowest manure rate used (1.2 Mg ha
-1
), corn and 
soybean grain yield was not increased by supplemental inorganic P fertilizer application for a 
wide range of soil-tests P values. 
The summarized literature shows that more research is needed to study P in beef 
cattle manure from different feeding operations and manure handling systems, and also its 
availability to crops. Therefore, the objectives of this study were to (i) survey manure P 
composition and other relevant properties from a representative number of beef cattle 
operations and (ii) estimate the crop-availability of P in some beef cattle manure types by soil 
testing using an incubation technique with three Iowa soils. 
 
Materials and Methods 
Manure survey 
In fall 2010, 107 manure samples were collected from beef cattle operations in Iowa. 
Manure samples were taken from operations with different animal breeds, but only from 
animals receiving finishing diets. Iowa has mainly five types of facilities for finishing beef 
cattle. These include mono-slope building, a covered structure with concrete floor and a 
feeder located along one side of the building; hoop barn, a covered structure with concrete, 
compacted soil, or crushed limestone floor and cover provided by a hoop frame that supports 
a tarp roof generally made of woven polyethylene fabric; concrete-lot, an open corral with 
concrete floor; and dirt-lot, an open corral with earthen floor. For mono-slope buildings or 
hoop barns sampled, the bedding material was cornstalks. Sampled hoop barns had concrete 
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floor or partial concrete and partial compacted soil, but samples were collected from the 
concrete portion or stockpile that did not show soil contamination. We also collected samples 
from two types of operations that are much less common in Iowa. One operation type handles 
liquid manure, a covered structure with a slatted floor and underground concrete pit (usually 
referred to as dip pit) in which manure and urine accumulate. The other operation uses an 
animal diet with no corn co-products, such as distillers' grain or corn gluten feed, and the 
operations sampled used bedding for open concrete lots or hoop barns. The widespread 
utilization of distiller’s grains or other corn co-products in Iowa cattle feeding operations 
(Lawrence, 2006), determined that in spite of our efforts, we could get the fewest manure 
samples for this type of operation. 
Iowa beef cattle producers tend to apply manure twice a year: A spring application 
before planting crops and a fall application after crop harvest. Thus, animal manure often 
accumulates for up to 6 months before land application. Depending on the type of facility, 
the solid manure is stockpiled outside the lot or inside on the opposite side of the feeder. 
Therefore, solid beef manure samples from mono-slope buildings, hoop barns, and concrete 
or dirt lots were collected from inside the pen or the stockpile when one was present. 
Approximately ten manure samples that together weighted about 20 kg (as-is) were taken 
from different parts of the pen or stockpile, were well mixed in a plastic container, and sub-
sample weighing approximately 1 kg (as-is) was placed into a plastic bag to represent the 
site. For liquid manure from the deep pits, several 2-L manure samples were taken while 
farmers were pumping the manure into application tanks, and were poured into a 20-L bucket 
until it was almost filled. After thorough mixing, a sample weighing roughly 1 kg (as-is) was 
taken from the bucket and placed into a plastic bottle to represent the site. All manure 
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samples were stored at 4°C until chemical analysis. Information was recorded about the type 
of production system, animal diet, animal breed, and manure storage and handling methods. 
Several chemical analyses were conducted on each manure sample. Analyses were 
done in duplicate and samples were re-run if variation between duplicates was greater than 
10%. Dry matter was determined by drying samples at 105°C for 16 h. For manure organic 
matter (OM), 1 g of solid (< 80% moisture) manure or 5-8 g of liquid manure (> 80% 
moisture) was ignited at 550°C for 2 h. Total P, K, Ca, Mg and S were determined by 
digesting 0.25 g equivalent dry weight of as-is solid manure or 5 ml of liquid manure with 5 
ml concentrated HNO3 in a microwave oven (CEM Mars Microwave System, 3100 Smith 
Farm Rd., Matthews, NC 28104) (USEPA, 1986) , and measuring elements by inductively 
coupled plasma (ICP) spectroscopy (Thermo 6500; Thermo Scientific, 81 Wyman St., 
Waltham, MA 02454) (Soltanpour et al., 1996). Manure pH was determined by shaking 
bottles with a 1:2 or 1:1 manure:water ratio of equivalent dry weight of as-is solid or liquid 
manure, respectively. Fresh manure samples were analyzed for MWSP by shaking bottles for 
1 h using a ratio 1:100 of equivalent dry manure to water (Kleinman et al., 2007). After 
filtering using Whatman #42 paper, extracted P was determined by ICP. Total N (TN) and 
total C (TC) were determined by combustion of 0.5-2.0 g of dried samples in an Elementar 
Vario Max CN Analyzer (Pella, 1990; Bremner, 1996). Ammonium (NH4-N) and nitrate 
(NO3-N) N were analyzed by shaking bottles with 5 g of fresh manure with 200 ml of 2M 
KCl (Mulvaney, 1996), and measuring these two N forms using a Lachat QuikChem 8000 
Autoanalyzer (Hach Company, 5600 Lindbergh Dr., Loveland, CO 80538). Organic manure 
N (ON) was determined by subtracting total NH4 and NO3 from TN. All chemical results are 
expressed on a dry basis. 
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The 107 manure samples were grouped into five groups categories based on a 
subjective estimate of the potential influence of animal housing and diet, manure handling 
and storage methods, and manure physical characteristics on the crop-availability of P. This 
classification often is used by Midwest beef producers and extension specialists, so a study of 
manure properties for these groups would be useful for practical purposes. These were 
samples from facilities using bedding by pooling samples from mono-slope and hoop 
buildings (BEDDED), concrete floor (CONCRETE), dirt floor (DIRT), deep pit (PIT), and 
no corn co-products (NoCCP). Manure from hoop and mono-slope buildings were grouped 
together because observations while taking samples indicated that both types of housing 
involve approximately similar animal management, manure handling methods, and 
manure/bedding visual appearance; and also preliminary study of manure chemical analyses 
indicated no clear differences. Descriptive statistics analyses and ANOVA were conducted to 
study manure properties using procedures of SAS (SAS Institute, 2009). The means for each 
manure group were compared by LSD (P < 0.05) from ANOVA that assumed a completely 
randomized design and considered the number of samples for each group as replications. 
Relationships between selected manure properties were studied by Pearson’s correlation 
coefficients and regression analysis. 
 
Manure phosphorus fractionation 
Twelve samples were selected for the manure P fractionation, whose properties are 
shown in Table 1. Based on the MWSP proportion of TP, we selected three samples 
corresponding to low, medium and high MWSP for BEDDED, CONCRETE, and DIRT 
manure types; and two MWSP levels (low and high) for PIT manure because we had fewer 
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samples. Since we had even fewer NoCCP samples, we selected one sample with 
approximately average properties for this manure type, which corresponded to a hoop barn. 
A modified sequential P fractionation technique (Tiessen and Moir, 1993) was used 
measure different manure P fractions. Modifications to the original procedure were that 
extraction with an anion-exchange resin strip was replaced by extraction with distilled and 
deionized water, that the concentrated HCl (11.3 M) extraction was not done (the P that 
would be extracted by 11.3 M HCl was pooled with the residual), and that residual P and TP 
in each of the filtrates was measured by digesting samples using the alkaline oxidation 
method (Dick and Tabatabai, 1976). All samples were oven-dried at 35°C for 36 h, finely 
ground to pass through a 2-mm sieve, and stored at 4°C in tight plastic containers. An 
amount of 0.5 g of dried manure was placed in a 50 ml centrifuge tube and was sequentially 
extracted with 30 mL of distilled and deionized water, 0.5 M NaHCO3 (pH 8.5), 0.1 M 
NaOH, and 1 M HCl. The material for extraction was shaken for 16 h, the suspension was 
centrifuged for 10 min at 25,000 g, and the supernatant was passed through a 0.45 µm filter. 
Orthophosphate P in the filtrates was determined colorimetrically by the method of Murphy 
and Riley (1962). The pH of the filtrates was adjusted to 7.0 and then orthophosphate P in the 
filtrates was determined colorimetrically by the method of Murphy and Riley (1962). All 
manure samples were analyzed in triplicate. 
According to Tiessen and Moir (1993) and others, Pi is represented by the 
orthophosphate P measured in the filtrates. The Po fraction is estimated by the difference 
between TP and Pi. Inorganic P can be overestimated because some labile Po may be 
hydrolyzed during the extraction and orthophosphate determination by the colorimetric 
method (Ron Vaz et al., 1993; Tarapchak, 1993; Haygarth et al., 1997). The P extracted by 
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water and NaHCO3 often is assumed to represent readily available P for crops, and the 
residual P is assumed to contain the most recalcitrant forms of P. 
 
Manure/soil incubation study 
Three soils from Iowa were selected for the incubation experiment, which according 
to their properties could result in different fertilizer or manure P efficiency for crops (Table 
2). The soils were Adair (fine, smectitic, mesic Aquertic Argiudoll), Harps (fine-loamy, 
mixed, superactive, mesic Typic Calciaquoll), and Nicollet (fine-loamy, mixed, superactive, 
mesic Aquic Hapludoll). Bulk soil was collected from the Ap horizon (0-15 cm) of three sites 
identified to have as low STP as possible, air-dried, ground to pass through a 2-mm sieve, 
and stored at 4°C until the incubation was initiated. Soil particle size was determined by the 
hydrometer method (Gee and Bauder, 1979). Initial STP was analyzed in duplicates for BP, 
M3P, and OP following procedures recommended for the North Central Region (Frank et al., 
1998); and also for WEP following the technique described by Pote et al. (1996). Routine 
soil testing procedures were used to analyze each soil in duplicate samples for pH (Watson 
and Brown, 1998); OM by loss on ignition; extractable K, Ca and Mg with NH4OAc 
(Warncke and Brown, 1998); and extractable Al and Fe by the Mehlich-3 extractant. All 
cations were measured by ICP. 
The same 12 manure samples used for the P fractionation analysis were utilized for 
the incubation study (Table 1). A control (non P treated) and laboratory grade di-ammonium 
phosphate (DAP) treatments also were included, for a total of 14 treatments. A 3.6-kg 
amount of soil was thoroughly mixed with an amount of manure or DAP equivalent to 87 kg 
of total P ha
-1
. The liquid PIT manure was mixed with soil as-is, but the other manures were 
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dried at 40°C for 36 h and ground to pass a 2 mm sieve before mixing with soil. After a 
thorough mixing, 200 g of each P source-manure mixture (14 including the non-treated 
control) for each of the three soils was poured into 18 300-mL plastic cups corresponding to 
six randomly assigned incubation periods and three randomly assigned replications. Each cup 
was fit with a plastic lid, with a small hole drilled at the center to allow air exchange. 
Deionized water was added to each cup to achieve 80% of water holding capacity before 
placing them in an incubation room at 25°C. The weight of dried soil plus the amount of 
water needed to reach 80% of field capacity was determined gravimetrically for each soil 
type. Between 20 and 30 randomly selected cups for each soil were weighed during 
incubation to monitor the water content, and water was added to avoid water loss to less than 
about 70% of the field capacity. All treated mixtures and the control were incubated for 1, 2, 
5, 9, 14 and 23 weeks. The manure:soil mixture in the cups was dried immediately after each 
incubation period at 40°C, ground to pass through a 2-mm sieve, and analyzed in duplicates 
for pH, BP, M3P, OP, and WEP by procedures described above. 
A first analysis of variance (ANOVA) assessed effects of P source, soil, incubation 
length, and P test method on STP using the manure sample with a medium MWSP level for 
BEDDED, CONCRETE, and DIRT manures and the low MWSP level for PIT manure (the 
closest level to the medium for the other sources), plus NoCCP manure, DAP, and the control 
(seven treatments). The ANOVA assumed a completely randomized split, split-plot design 
with the combination of soil and P source in main plots, length of incubation in sub-plots, 
and P test method in sub-sub-plots; and was conducted using the GLIMMIX procedure of 
SAS. The main effect of test method and soil will not be discussed because differences 
between amounts of P extracted by these four methods are well known, and we could not 
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find fields for the three soil types with the same STP level. Differences between means for 
other main effects were determined by LSD, orthogonal linear and quadratic contrasts (with 
appropriate coefficients for unequal levels spacing for incubation length). Linear or non-
linear models were fit to STP trends over time using Sigmaplot (Systat Software Inc., 225 W. 
Washington St., Suite 425, Chicago, IL 60606), and quadratic or exponential models were 
used only when these models fit significantly better than the linear model (P ≤ 0.05). The 
STP effectiveness of manure P relative to DAP was calculated by dividing STP for manure 
by STP for DAP and multiplying the result by 100. Another ANOVA assessed differences in 
STP between the MWSP levels for each manure type (three levels for BEDDED, 
CONCRETE and DIRT; and two levels for PIT) and P test method assuming a completely 
randomized, split, split-plot design with soil in main plots and length of incubation in sub-
plots. By this analysis we emphasized the study of MWSP level main effects and the 
interactions with soil and length of incubation. 
 
Results and Discussion 
Manure survey 
Table 3 summarizes the chemical properties for each manure group that are of most 
interest and/or could be most relevant concerning P concentration or crop P availability. The 
PIT manure had the highest moisture concentration and it is the only manure group classified 
as liquid manure (Rieck-Hinz et al., 2003). Because DIRT manure is partially mixed with 
soil, it had the lowest moisture concentration (P < 0.05), although some high moisture values 
could be due to sampling in wet conditions. The moisture concentration was similar among 
BEDDED, CONCRETE and NoCCP manures. Total C concentration was lowest for DIRT 
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compared with the other manures. The mixture of manure with soil, not only reduces 
moisture but also TC concentration. Total N concentration for PIT was greater (P < 0.05) 
than the other sources. Moreover, PIT showed the lowest proportion of organic N (38% of 
the TN) compared with other manure groups and the proportion of ON for BEDDED, 
CONCRETE, DIRT, and NoCCP was 89, 85, 96 and 93% of TN, respectively. The PIT 
operations, which averaged greater inorganic N (62% of the total N) than other manure 
groups, have the best capacity to store N during the manure storage period. Concentrations of 
total K (TK) and total S (TS) also were significantly (P < 0.05) greater for PIT than for the 
other manures. Similarly to TN and ON concentrations, TK and TS were lowest for DIRT. 
This is indicating that there is a dilution effect of these nutrients due to the mixture of manure 
with soil. However, total Ca and Mg concentrations were not statistically (P < 0.05) different 
among manure groups. It was expected a greater total Ca and Mg concentration in DIRT due 
to its mixture with soil particles, but NoCCP registered slightly higher mean concentration of 
these two elements compared to other manures. Only PIT manure showed a significantly 
lower (P < 0.05) pH than the other manure groups. The PIT manure showed the greatest 
concentrations of the nutrients mentioned compared to other groups. This manure storage 
system could be better than others because it reduces loss of nutrient by direct exposure to 
the environment, mainly effects of rainfall concerning P losses. Additionally, the collection 
of animal urine is more efficient, which may explain high inorganic N content and hence 
high TN. On the other hand, DIRT manure had the lowest concentration of most nutrients. In 
addition to the mixture of manure with soil, the high exposure to environmental factors tends 
to increase loss of soluble nutrient forms to subsurface soil layers and with surface runoff. 
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Manure TP concentration ranged from 2.2 to 18.5 g P kg
-1
 among all manure groups 
(Table 3). The mean TP concentration was greater (P < 0.05) for PIT and lowest for DIRT 
and NoCCP. Similar to other nutrients, there was a reduction in TP concentration in manure 
when mixed with soil for DIRT. Moreover, manure TP concentration seems to be lower with 
the exclusion of distiller’s grains in animal diet, although a greater number of NoCCP 
samples would provide a better estimate. These results are consistent with previous research 
conducted by Rincker and Berger (2003) and Spiehs and Varel (2009), in which increasing 
inclusion of corn-based distillers grains in diets enhanced linearly the TP concentration in 
beef manure. Also, a greater concentration of manure TP and MWSP was reported with 40 
and 60% inclusion of distillers grains from wheat-based ethanol compared to a control (0% 
inclusion) (Hao et al., 2009). The greater TP concentration in PIT compared to BEDDED and 
CONCRETE could be explained by a more efficient method to store manure nutrients, 
because BEDDED and CONCRETE manures are highly exposed to environmental factors 
such as rainfall, when stockpiled outside the pen. In general, it was observed a high 
variability in TP concentration in all manure groups except in NoCCP. For example, 
CONCRETE showed the widest TP concentration range (13.3 g kg
-1
) and NoCCP the 
smallest range (2.8 g kg
-1
). However, the ranges of TP were approximately similar among 
BEDDED, DIRT and PIT manures, comprising 10.1, 8.4 and 8.8 g kg
-1
, respectively, and the 
TP standard deviation (SD) also was approximately similar. The NoCCP had the smallest TP 
range and SD (1.0 g kg
-1
), and CONCRETE had the widest TP and one of the greatest SD 
(3.3 g kg
-1
). 
Total P concentration for the beef manure samples in this study was greater than 
previous investigations. For example, Kleinman et al. (2005) reported that beef manure 
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samples grouped into bedded packed, fresh, earthen, and covered had a TP concentration of 
5.3, 4.5, 3.2 and 5.1 g P kg
-1
, respectively. In another study, the TP concentration of different 
beef manures and beef composted manure samples ranged from 4.5 to 8.4 g P kg
-1 
(Schwartz 
and Dao, 2005). This difference could be due to different animals, diets, manure handling 
among regions; and also differences in manure sampling and analysis procedures, high 
manure TP variability, and number of samples analyzed. A survey conducted in Iowa in 
Spring 2012 (Euken, 2009), which included 56 manure samples from bedded confinement 
buildings (hoop barns and mono-slope facilities), indicated that the mean manure TP (7.1 g P 
kg
-1
) was lower than for our BEDDED group (10.1 g P kg
-1
), but the SD (2.0 g TP kg
-1
) was 
approximately similar between both studies. 
The TN:TP ratio ranged from 2 to 4.1 among the manure groups (from data in Table 
3). This low TN:TP ratio indicates an excess application of P when manure is land-applied 
based on N needs of the crop, because an average TN:TP ratio of about 8:1 is required by 
common grain and hay crops (Sharpley et al., 1998). Schwartz and Dao (2005) reported a 
range of TN:TP ratio from 2.78 to 6.07 among five different cattle manure sources. Also, 
Kleinman et al. (2005) found that the average TN:TP ratio of beef manure samples was 3.9, 
smaller than dairy manure (5.6), but greater than other manure sources such as broiler (3.0), 
layer (2.2), swine (3.8) and turkey (2.0). 
Manure MWSP, expressed as a proportion of the TP, ranged from 5 to 90% across all 
manure groups (Table 3). Proportion of MWSP was statistically (P < 0.05) greater in 
BEDDED, CONCRETE and PIT compared to DIRT and NoCCP. Similar to TP 
concentration, the variability in proportion of MWSP in NoCCP was smaller than all other 
manure groups, as indicated by the lowest SD, although we had very few samples. Also, the 
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greatest SD for the MWSP proportion of TP was for BEDDED and CONCRETE (14 and 
18%, respectively). The mean proportion of MWSP was the lowest for DIRT manure. This 
result might be explained by MWSP leaching, adsorption by soil included in the sample, or 
immobilization by microbial activity because of the mixing of manure with soil. 
Previous investigations with beef manure MWSP showed that there is a high variation 
among results, which in part could be explained because in most studies the samples were not 
grouped according to type of confinement type, bedding, and manure management. For 
example, Griffin et al. (2003) reported 33% of MWSP to TP in a beef sample with sawdust-
bedding material. This value is much lower compared to the mean proportion of MWSP of 
TP of our BEDDED manure (59%). On the other hand, the value we report is approximately 
similar to the value (57%) reported for bedded beef manure samples by Kleinman et al. 
(2005). Ajiboye et al. (2004) found that MWSP was 36% of the TP on an undetermined beef 
manure sample. The NoCCP manure samples were collected from hoop-barns or open-lots 
with concrete floor, so it is appropriate to compare MWSP values to those for these two 
groups to see if the inclusion of distiller's grains has some effect on MWSP. The MWSP 
proportion of TP for NoCCP was lower than for either BEDDED or CONCRETE manure. 
This result agrees with Hao et al. (2009), who reported an increase in beef manure MWSP 
concentration when distiller’s grains inclusions were 40 and 60% of the animal diet. 
A study of correlations among some of the most relevant manure properties revealed 
some interesting relationships. Manure MWSP was correlated with several other manure 
chemical properties. However, for PIT and NoCCP especially, a greater number of manure 
samples are needed for more accurate correlation results on manure properties. There was 
weak positive linear relationship (r
2
 = 0.29, P < 0.001) between TP concentration and the 
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MWSP proportion of TP across all manure samples (not shown), but a strong linear 
relationship (r
2
 = 0.72) between TP and MWSP concentrations (Fig. 1). Total P and MWSP 
concentrations also were linearly related within each manure group, but the strength of the 
relationship varied greatly (not shown). For example, the relationship was the strongest for 
BEDDED and PIT (r
2
 = 0.65 and r
2
 = 0.71, respectively), intermediate for CONCRETE and 
NoCCP (r
2
 = 0.49 and r
2
 = 0.57, respectively), and the lowest for DIRT (r
2
 = 0.33). Other 
studies also showed positive but variable correlations between these two chemical properties 
for several manures (Dou et al., 2002; He et al., 2004; Kleinman et al., 2005). The proportion 
of manure MWSP to TP could indicate that a high P concentration could be crop-available 
immediately after manure land application, and more dissolved P prone to be lost with 
surface runoff or subsurface drainage. 
There was a negative linear relationship (P < 0.05) between MWSP proportion of TP 
and DM concentration (Fig. 2). This trend indicates that as the moisture concentration in 
manure increases, the water solubility of the P increases. The MWSP proportion of TP also 
increased as manure DM decreased within each manure group, but the strength of the 
relationship was good for PIT and NoCCP (r
2
 = 0.92 and r
2
 = 0.77, respectively) but poor for 
the other manure groups (r
2
 = 0.10 to 0.27). Kleinman et al. (2005) reported a weak negative 
correlation (r = -0.44) between MWSP concentration and DM concentration for six different 
manure sources (beef, broiler, dairy, layer, turkey and swine). The procedure used to measure 
manure MWSP can influence MWSP concentration results. For example, Kleinman et al. 
(2002) reported that MWSP concentration of dairy, swine, and poultry manures increased as 
the water:manure ratio and the extraction time increased. Dou et al. (2000) found that Pi of 
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dairy and poultry manures extracted by water increased as the shaking time increased from 1 
to 16 hr. 
Table 4 shows the Pearson’s correlation products among selected manure properties. 
Across all manures types, manure MWSP concentration and MWSP proportion of TP were 
not correlated with TCa and TMg. However, among manure samples from six different 
animal sources, Kleinman et al. (2005) found a very weak positive correlation (r = 0.28) 
between manure MWSP concentration and water extractable-Ca, but a better negative 
correlation (r = -0.69) between proportion MWSP and water-extractable Ca. Both the 
concentration of MWSP and its proportion of TP were poorly correlated with pH (r -0.23 and 
-0.21, respectively). In our study, manure pH was poorly correlated or not correlated with 
other manure chemical properties, including TCa. An important finding from an agronomic 
perspective was that TN was well correlated (r = 0.81) with TP in manure. 
 
Phosphorus fractions in beef manure 
Manure type means across water-soluble P levels 
On average across MWSP levels, the Pi fraction was greater than Po for all manure 
types (Table 5). The mean Pi and Po across the manure types ranged from 4.47 to 13.14 g P 
kg
-1
 and 1.15 to 2.33 g P kg
-1
, respectively, which translates to 72 to 81% and 13 to 26% of 
the TP, respectively. The PIT and CONCRETE manures had greater Pi concentration (81 and 
80% of the TP, respectively), the lowest Po (14 and 13% of the TP, respectively), and the 
lowest residual P (6 and 7% of the TP, respectively). In contrast, NoCCP and DIRT manures 
showed the lowest Pi and the highest Po. The NoCCP manure contained 65% Pi and 26% Po 
of the TP, while the BEDDED manure contained 74% Pi and 10 % Po on average across the 
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three MWSP levels. Since animal and manure management was approximately similar for 
BEDDED and NoCCP manure except for the animal diet, results show that Pi was higher 
when distiller's grains were added to the animal diets, which might be explained by the fact 
that organic P compound are degraded during the corn dry milling process. The low Pi 
concentration in DIRT manure could be explained by immobilization of soil microorganism's 
growth, while the manure is on the dirt floor or after it was stockpiled. Although different P 
fractionation techniques have been used in previous studies, the greater concentration of Pi 
than Po for all manure types is consistent with studies for beef manure and other animal 
species. For example, Ajiboye et al. (2004) showed that Pi for a non-specified beef manure 
sample was 50% of the TP, whereas Po was 38%, and the Pi for swine and dairy manure 
samples ranged from 54 to 70%. Other studies showed that at least 70% of the TP was 
inorganic in dairy manure (Barnett, 1994), 85% in poultry (Leinweber, 1996), and 88% in 
swine slurry (Peperzak et al., 1959). Sharpley and Moyer (2000) reported that Pi for dairy, 
poultry and swine manure corresponded to 63, 84 and 91% of the TP, respectively, and the Po 
was 25, 14 and 8%, respectively. These authors also reported that Pi and Po for composted 
dairy manure was 92 and 3%, respectively, and for composted poultry manure was 87 and 
11%, respectively. 
The proportion of different Pi fractions varied among the manure types (Table 5). On 
average across MWSP levels within each manure type, the water Pi fraction represented the 
largest form of P for BEDDED and PIT, being 44 and 39% of TP, respectively, and also for 
NoCCP being 45% of the TP. The high proportion of water Pi is consistent with results from 
studies for other animal manures. For dairy and poultry manures, for example, Dou et al. 
(2000) and Sharpley and Moyer (2000) reported that water-extractable Pi represented at least 
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50% of the TP. The proportion of water Pi to TP was not clearly related with moisture 
content in the manure, because on average the BEDDED manure had 66% moisture and 44% 
of water Pi, whereas CONCRETE and PIT had 75 and 90% moisture, respectively, but water 
Pi was 28 and 39% of the TP, respectively. 
The water- and NaHCO3-extractable Pi fractions were approximately similar for 
CONCRETE manure, but for BEDDED, PIT and NoCCP water Pi was greater than NaHCO3 
Pi by about three, two and three times, respectively (Table 5). For DIRT manure, the 
NaHCO3 Pi fraction was greater than the water Pi fraction. Apparently, the manures more 
exposed to environmental factors have less water Pi but increased NaHCO3 Pi. The sum of 
these two P fractions is considered as weakly retained P pool, which could be plant available 
once the manure is applied to soil since it includes easily desorbable or hydrolysable P forms. 
On average across MWSP levels, the sum of these two P fractions (inorganic and organic) 
comprised 35 to 62% of the TP, being lowest for DIRT and highest for BEDDED and PIT. 
The NaOH Pi fraction was the lowest P fraction in all manure samples, comprising 4% of TP 
in all manure types except for DIRT, for which it was 19%. The NaOH solution extracts 
mainly Fe-associated P and poorly soluble organic P compounds, including phytic acid 
(Tiessen and Moir, 1993; Turner and Leytem, 2004). The mixing of manure with soil can 
explain the difference in NaOH Pi in DIRT manure compared to the other manures due to 
stronger sorption of Pi by soil mineral components, mainly Al and Fe oxides. On average 
across MWSP levels, concentrations of HCl Pi and NaHCO3 Pi were approximately similar, 
and were 8 and 26% of the TP. Among manure, the average of HCl Pi concentration for 
CONCRETE, DIRT and PIT was greater than the HCl Pi for BEDDED and NoCCP. The HCl 
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solution extracts Ca-associated Pi and about the same organic P forms in manure as NaOH 
(Tiesse and Moir, 1993; Turner and Leyten, 2004). 
For the Po fractions, the concentration of NaHCO3 Po was always much lower than for 
Pi (Table 5). On average across MWSP levels, NaHCO3 Po ranged only from 15 to 31% of 
the total Po, which confirms a low proportion of easily available Po in manure. The NaOH 
fraction of Po was higher than for Pi. The acid Po fraction was also smaller than the hydroxide 
and similar to the bicarbonate because it ranged from 2 to 5% of the TP. 
 
Water-soluble manure P levels 
Phosphorus fraction concentrations for different MWSP levels within each manure 
type had some important differences, which sometimes were not consistent across manure 
types. Variation in MWSP levels within manure types did not result in clear or consistent 
differences in absolute and relative amounts of NaHCO3, NaOH and HCl Pi fractions. 
However, HCl Pi for the low MWSP level always was greater than for the other two MWSP 
levels among all manure types, ranging from 19 to 57% of TP. All Po fractions with each 
manure group showed similar inconsistent variations among MWSP levels in absolute and 
relative amounts as Pi. 
The estimate of MWSP by the method used for samples analyzed as-is (Table1) and 
the estimate by the method based on dried samples included in the fractionation procedure 
(Table 5) often were very different, and sometimes the ranking of the values across the 
manure types also differed. The ranking on absolute and relative basis for BEDDED and 
CONCRETE manures matched for both methods, but the ranking for both DIRT and PIT 
manures differed between methods. Seven of the 12 manure samples had greater MWSP for 
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the as-is method than for the dry-basis method used in the fractionation, and MWSP 
expressed as the proportion of TP (by either digestion method) measured on as-is basis 
almost always was greater than for the dry-basis method. In CONCRETE manure, for 
example, MWSP ranged from 5.24 to 11.91 g P kg
-1
 on as-is basis but 0.4 to 8.55 g kg
-1
 on a 
dry basis. Differences between the two methods could be expected, since other research has 
shown that manure drying can change the distribution of the manure P fractions (Ajiboye et 
al., 2004). In that study it was reported a transformation of water Po into Pi for hog manure, 
and that bicarbonate extractable P was transformed to water Pi for dairy manure with oven 
drying. Also, research has shown that the water:manure ratio and the extraction time can 
greatly affect the amount of P extracted with water using as-is or dry manure samples 
(Kleinman et al., 2002). 
There were small differences in TP determined by the HNO3 digestion method or by 
the method used for the fractionation technique. The method used for the fractionation 
technique extracted slightly more P in all manure samples, except for the low MWSP level 
for DIRT and NoCCP for which amounts were similar. Only PIT showed a considerable 
greater amount of TP as determined by the fractionation technique compared with the HNO3 
technique (TP was 1.9 and 1.7% for the low MWSP level and 1.3 and 0.9% for the high 
MWSP level). Differences between TP methods, which usually were small, are expected 
because of different P extracting agents and procedures, and also due to TP variability across 
samples. 
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Incubation of beef manure with soil 
To simplify the analysis of treatment effects on STP by the four test methods, and 
given that different MWSP levels were available for four P sources (three levels for 
BEDDED, CONRETE and DIRT manure types and two levels for PIT manure) the 
presentation and analysis of data focus first on the study of P sources effects on STP using 
one MWSP level for each manure of those manures. We selected the medium MWSP level 
for BEDDED, CONRETE and DIRT manures and the low level for the PIT manure because 
this was the most similar to the other manures. Results of the complete ANOVA indicated 
that all P sources increased STP (P < 0.05) over the control treatment (no P applied) for the 
three soils as evaluated by the four P test methods, which was an expected result given the 
high P rate applied. On average across all incubation lengths, although for some P methods 
and soils STP of the control were different (P < 0.05) for the different sampling dates, often 
there was no clear trend over time, and the magnitude of the variation was so small that made 
consideration of the control treatment meaningless for the study of manure effects on STP. 
The largest STP difference for the control between Week 1 to 23 was 2.6, 3.0, 2.9, and 1.9 
mg P kg
-1
 by BP, M3P, OP, and WEP, respectively. Such a small temporal variation with no 
trend over time may represent sub-sampling and analytical error. Therefore, results for the 
control during the incubation period are not shown and data were excluded from statistical 
analysis to compare P source effects on STP. Results of ANOVA excluding the control 
treatment indicated that the main effects of P source and length of incubation, and all 
interactions between P test method, soil, P source, and length of incubation were significant 
(P < 0.05).  
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Treatment effects on soil-test P 
Table 6 shows results for BP and M3P. During the 23-wk incubation, STP levels 
ranged from 10 to 33 mg P kg
-1
 for BP and 10 to 48 mg P kg
-1
 for M3P. Across all sources 
and incubation lengths, the mean BP increase to addition of P equivalent to 87 kg P ha
-1
 
compared with the initial levels was 11, 15, and 17 mg P kg
-1
 for the soils Adair, Harps, and 
Nicollet, respectively. Moreover, the mean M3P increase was 10, 22, and 15 mg P kg
-1
 for 
the soils Adair, Harps, and Nicollet, respectively. The STP for BP and M3P was very similar 
for Adair and Nicollet soils, and for the Harps soil STP levels were greater for M3P than BP. 
This is a well-known result for Iowa soils, since in calcareous soils, the BP diluted and 
poorly buffered extracting solution is partially neutralized by CaCO3 (Mallarino, 1997). The 
M3P extracts more P because the extracting solution is better buffered and includes a 
chelating agent (EDTA) that reduces Ca activity in the solution. For this reason, the BP 
method is not recommended for calcareous soils in Iowa (Sawyer et al., 2002) and 
neighboring states. 
Results from ANOVA for BP indicated that the main effect of incubation length was 
not significant (P < 0.05), but main effects of soil and P source, and all the interactions were 
significant. For M3P, the main effects of soil, P source, length of incubation, and most 
interactions were significant, with the exception of the soil by length of incubation 
interaction. In general, differences among P sources were similar for BP and M3P. Results 
across the entire incubation period for both methods indicated that STP for DAP was higher 
than for all manure sources for the three soils (Table 6). On average across soils, STP for 
DAP averaged 27 and 31 mg P kg
-1
 for BP and M3P, respectively. The ranking of the manure 
sources concerning STP values and statistical significances was approximately similar for 
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both test methods and the three soils. Soil-test P values for BEDDED and CONCRETE 
manures ranked the highest and were statistically similar. On average across soils, STP for 
these two manures was 22 and 27 mg P kg
-1
 for BP and M3P, respectively, and PIT manure 
21and 26 mg P kg
-1
 for BP and M3P, respectively. Soil-test P values for DIRT and NoCCP 
ranked the lowest of all P sources, often were statistically similar, and the average across 
soils was 19 and 23 mg P kg
-1
 for BP and M3P, respectively. 
The length of incubation did not affect BP values for any P source on average across 
soils (Table 6), but data for M3P showed significant decreasing quadratic trends with minima 
within the incubation period for BEDDED and DIRT manures. The M3P difference along the 
incubation period was only 6 and 3 mg P kg
-1
 for BEDDED and DIRT manures, respectively. 
Data and significant interactions indicated sometimes different P source effects for these two 
methods and among soils. However, the length of incubation effect on either BP or M3P 
concentration was not significant in about one-half of the 18 P source-soil combinations, and 
in the significant instances the effect was of a very small magnitude. 
For the Adair soil, the effect of incubation length on BP and M3P were similar (Table 
6). Only DAP, BEDDED, and DIRT showed a significant trend over time, which was 
decreasing linear or decreasing exponential. However, the STP difference between Week 1 
and 23 across these sources averaged only 2 mg P kg
-1
 for BP and 5 mg P kg
-1
 for M3P. For 
the Harps soil (Table 6) the results were not consistent between methods. Significant 
increasing trends over time observed for BP were very small for BEDDED (linear) and 
NOCCP (quadratic to a maximum within the incubation period), whereas for M3P the only 
significant trend was a small linear increase for DIRT manure. The STP difference between 
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Week 1 and 23 for this soil across these sources was only 2 mg P kg
-1
 for BP but 6 mg P kg
-1
 
for M3P. 
For the Nicollet soil, the significant STP changes over time were more frequent than 
for the other two soils and the differences on STP trends between methods were more 
contrasting, although differences in STP levels still were very small. For BP, there were 
small linear increases over time for DAP and PIT manures, and small linear decreases for 
BEDDED and DIRT manures. The BP increase or decrease between Week 1 and 23 across 
these four P sources ranged from 2 to 13 mg P kg
-1
. For M3P, in contrast, there were small 
but consistent exponential decreases for BEDDED and DIRT manures and quadratic 
decreases with minima within the time period for CONCRETE and NoCCP manures. In both 
quadratic instances the increasing portion of the quadratic trend was explained by the last 
sampling date, and increased M3P almost to the maximum observed in Week 1. The 
contrasting results were that for DAP and PIT manure BP increased over time but M3P did 
not change, and that for CONCRETE and NoCCP manures BP did not change but M3P 
decreased to a minimum and then increased. 
Overall, results for BP and M3P showed no STP change along the incubation period 
for about one-half of the sources and soils. This indicates that a reaction in soil of DAP and 
the five manure sources did not result in a significant STP change during the 23-wk 
incubation period. Since the first sampling was done one week after beginning the 
incubation, this result indicate that the major changes in STP occurred within that first week 
after application and then an equilibrium is reached among the manure and soil P pools. The 
significant trends for the other half of the instances were very small (increases or decreases) 
and inconsistent across soils and P sources. None of the soil or manure properties measured 
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could explain in a logical manner inconsistent trends across soils and treatments, including 
the different trends between BP and M3P for some manures and the Nicollet soil. The most 
intriguing results were that for DAP and PIT manure BP increased over time but M3P did not 
change, and that for CONCRETE and NOCCP manures BP did not change but M3P 
decreased to a minimum and then increased. The very few and small increasing trends would 
indicate that some of the manure P became extractable after one week of incubation. Slightly 
more frequent linear or exponential decreasing trends indicate that some initially extractable 
manure P became strongly retained by soil, precipitated as compounds or low extractability, 
or immobilized by soil microorganisms over time. The few quadratic trends with a minimum 
for the M3P test method late within the incubation period would indicate that reactions in the 
soil determined a reversion of the processes that initially reduced the extractability of P. 
Table 7 shows results for OP and WEP. During the incubation period, STP levels 
ranged from 5 to 19 mg P kg
-1
 for OP and 2 to 13 mg P kg
-1
 for WEP. After the P application 
equivalent to 87 kg P ha
-1
, the mean OP increase across all sources compared with the initial 
OP levels was 5, 8, and 9 mg P kg
-1
 for the soils Adair, Harps, and Nicollet, respectively. The 
mean WEP increase was 1, 5, and 4 mg P kg
-1
 for the soils Adair, Harps, and Nicollet, 
respectively. As expected, OP extracted less P compared to BP and M3P because it 
extracting solution is weaker than these other two methods but stronger than WEP, so the OP 
levels were greater than WEP. Mean OP and WEP concentrations across soils and incubation 
lengths differed (P < 0.05) among P sources, but analysis of variance for both methods 
indicated that main effects of soil, P source, and incubation length and all interactions were 
significant. 
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The ranking of OP among the P sources was similar to BP and M3P. The OP values 
for DAP were statistically the greatest (P < 0.05), averaging 14 mg P kg
-1
 (Table 7). Among 
the manure sources, OP levels were statistically similar for BEDDED and CONCRETE, 
averaging 13 and 12 mg P kg
-1
, respectively, and were greater than for other manures. These 
two manure sources were followed by PIT and DIRT, which were statistically similar and 
averaged 11 mg P kg
-1
. The mean OP level for NoCCP was numerically the lowest, 
averaging 10 mg P kg
-1
, but was statistically similar to PIT manure. In contrast, WEP showed 
a different ranking compared to BP, M3P, and OP (Table 7). On average across soils and 
incubation lengths, WEP values for DAP also were the highest among the treatments and 
averaged 8 mg P kg
-1
, but the WEP ranking for the manures was different. The WEP 
concentrations were the highest for CONCRETE manure averaging 6 mg P kg
-1
, BEDDED 
was intermediate averaging 5.8 mg P kg
-1
, and PIT, DIRT, and NoCCP were similar and the 
lowest, averaging 5 mg P kg
-1
. 
The OP levels for DAP did not change (P < 0.05) during the incubation period, but 
across soils there was a linear or exponential decreasing trend for all manures (Table 7). 
Significant interactions indicated different P source effects among soils, but effects were 
significant only in one-half of the P sources-soil combinations. For the Adair soil, OP 
decreased over time for almost all P sources except for CONCRETE manure. Trends were 
linear for DAP, BEDDED, PIT, and NoCCP and quadratic with a minimum at Week 17 for 
DIRT. The OP decrease for this soil from Week 1 to 23 ranged 7-12 and 6-10 mg P kg
-1
, 
respectively. Even though DIRT showed a minimum for OP at Week 17, the increase by the 
end of the incubation period was very small (0.2 mg P kg
-1
). In Harps and Nicollet soils, 
significant OP trends over time were observed for only two different P sources in each soil. 
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For Harps, OP decreased for DAP (exponential to a minimum) and PIT (linear). For Nicollet, 
OP decreased linearly for BEDDED and DIRT manures. Overall, almost all significant 
instances for OP levels by soil showed a decreasing trend along the incubation period. 
In contrast to results for BP, M3P, and OP, on average across soils there were linear 
WEP increasing (P < 0.05) trends over the incubation period for all P sources except 
BEDDED manure, but there was a significant interaction of P source by soil. Significant 
WEP trends over time were observed in 13 of 18 P source-soil combinations. For the Adair 
soil, the change over time was significant only for BEDDED and NOCCP manures, for 
which exponential or quadratic decreases over time were very small (0.5 and 1.1 mg P kg
-1
, 
respectively). The quadratic trend for BEDDED manure is explained by an increase in WEP 
at the last sampling date. In contrast to the Adair soil, significant WEP trends over time were 
observed in Harps and Nicollet soils for all P sources except for DAP in Harps soil. For 
Harps, WEP levels for all manures showed a curvilinear increase over time, and trends were 
best described by an exponential function. The increase of WEP concentrations from Week 1 
to 23 ranged on average from 6 to 7 mg P kg
-1
 and 10 to 8 mg P kg
-1
, respectively. For the 
Nicollet soil, all P sources resulted on significant WEP changes over the incubation period, 
but changes were inconsistent among P sources. The WEP levels increased linearly over time 
for DAP and DIRT, increasing from 6 to 11 mg P kg
-1
 for DAP and 4 to 6 mg P kg
-1
 for 
DIRT, from Week 1 to 23, respectively. For the other manure sources WEP trends were best 
described by a quadratic response that reached the minima between 8 and 13-wk of 
incubation. On average across BEDDED, CONCRETE, PIT, and NOCCP manures, WEP 
concentrations for Nicollet ranged from 6 to 7 mg P kg
-1
 and 6 to 7 mg P kg
-1
 from Week 1 to 
23, respectively. The contrasting results for this soil were that WEP levels for DAP and 
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DIRT consistently increased during the incubation period, while for the other manure 
sources, WEP decreased to a minimum during the early incubation period and then increased. 
Overall, results for WEP indicated that P changes over time were highly affected by 
soil type because for Adair there were only two P sources that showed significant trends 
(both decreasing), but for Harps and Nicollet there were significant increases over time for 
most sources (except DAP for Harps). The overall lower WEP levels compared to the other 
three methods for Adair than for Harps and Nicollet, and a lack of trend or very small 
decreasing trend over time for WEP in Adair have a reasonable explanation. Water extracts 
the most weakly sorbed or hydrolysable P by soil, and Adair had the highest extractable Al 
and Fe that may have resulted in a less P extraction by water compared with the other soils. 
In contrast, consistent WEP increasing trends for all manures for the Harps and Nicollet soils 
might be explained by increasing dissolution or hydrolysis of the most labile manure P 
compounds over time, combined with lesser soluble P retention by the soil constituents. We 
cannot explain the linear increase over time for DAP for the Nicollet soil, since DAP is 
highly soluble in water. 
For all P sources and the control, soil pH slightly decreased during the incubation 
period. On average across all treatments, including the control, pH declined from Week 1 to 
23, 0.4 pH units for Adair, 0.1 for Harps, and 0.3 for Nicollet. This general and small pH 
decrease over time did not help explaining treatment effects on STP by any P test method, so 
data are not shown. 
The generally small and inconsistent differences between fertilizer and beef manure P 
over time compares in different ways with previous research. Laboski and Lamb (2003) 
found that BP did not change significantly from 1 to 9 months of incubation after the 
37 
 
application of swine manure to seven soils, but BP decreased over time after inorganic 
fertilizer was applied in six of the soils. Eghball et al. (2005) reported results of incubations 
of swine and beef manure with soil over a period of 8 weeks, where BP was used. They 
found that BP remained constant up to 4 wk after application of swine manure in an 
incubation study, but began to decrease during the last 2 weeks. In contrast, BP for beef 
manure application increased up to Week 4 of incubation but then decreased. In another 
incubation study, Griffin et al. (2003) reported a rapid decline on WEP, CaCl2-P, modified 
Morgan-P, anion-exchange membrane P, and M3P concentrations after the application of 
different manure P sources and inorganic P fertilizer to a slightly acid soil that had 
approximately similar properties as Adair and Nicollet used on our study. In a 13-wk 
incubation study, Gagnon and Simard (1999) found that M3P decreased markedly for fresh 
solid beef manure and composted dairy manure, but increased for poultry manure. Schwartz 
and Dao (2005) conducted an 8-wk incubation study, and reported that the P extractability 
efficiency for M3P, OP, and WEP for KH2PO4-amended soils generally decreased over time 
but changes in P extractability for composted or scraped cattle manure-amended soils were 
infrequent and sometimes increased over time. 
 
Efficiency of manure P relative to DAP fertilizer 
The impact of beef manure P on extractable soil P also can be assessed by the relative 
effectiveness of manure P for increasing STP compared to DAP. This is the major objective 
of this study, and it is of practical interest because most extension publications express 
manure nutrient availability as a percent of commonly used inorganic fertilizers. Results 
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summarized in Table 8 are presented for means across the entire incubation period because of 
the small or largely inconsistent effects of length of incubation on STP discussed before. 
The mean relative P effectiveness of manure P across all soils and manures was 
influenced by the soil P extracting method. On average, the manure P efficiency to DAP was 
greatest (P < 0.05) for M3P (79%) and OP (80%), which did not differ, intermediate for BP 
(77%), and the lowest for WEP (74%). This result indicates that, after the manures were 
mixed with soil, the M3P and OP methods extracted more P than BP and WEP. These results 
are in contrast with Iowa work with liquid swine manure. In one field study, Mallarino and 
Atia (2002) found no consistent differences between BP, M3P, OP, and WEP in detecting 
manure-derived P across 16 soils in Iowa, including five calcareous soils. In another study, 
Mallarino et al. (2005) also found no differences between BP, M3P, and OP in detecting 
manure-derived P across several soils. Soils also affected the relative effectiveness of manure 
P, although differences were small. On average across test methods and manures, manure P 
effectiveness was the highest for Harps (84%), intermediate for Nicollet (76%), and the 
lowest for Adair (73%). The most contrasting differences in measured soil properties were 
the lower pH, higher extractable Fe, and lower extractable Ca for Adair and Nicollet 
compared with Harps. Therefore, is possible that lower pH and Ca but higher Fe resulted 
lower efficiency of manure P, which includes organic and inorganic P (Table 5) compared 
with DAP, but the reasons are not clear. Previous Iowa field research with triple 
superphosphate fertilizer, poultry manure P, or liquid swine manure P did not show clear 
differences in P efficiency at increasing early corn or soybean crop growth (V5 to V6 growth 
stage), early P uptake, or grain yield across acid to calcareous soils of Iowa (Mallarino and 
Atia, 2005, Mallarino et al., 2005; Barbazan et al., 2005; Kaiser et al., 2010). 
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On average across all soils and test methods (Table 8), the manure P efficiency was 
highest for BEDDED (84%) and CONCRETE (85%) manures, which did not differ 
statistically, intermediate for PIT (77%) and DIRT (74%) manures, which did not differ, and 
the lowest for NoCCP (69%). No published research has compared P efficiencies of all these 
manure types using soil testing. An incubation study conducted with stockpiled and 
composted beef cattle manure, reported that M3P, OP, and WEP extraction efficiencies of 
KH2PO4 – amended soils averaged 22, 34 and 115% greater, respectively, than efficiencies 
for three of five soils amended with manure (Schwartz and Dao, 2005). Moreover, Pagliari 
and Laboski (2010) reported that the relative effectiveness of BP with beef manure compare 
to Ca(H2PO4)2 ranged from 49 to 63% across soils and 8-wk incubation. Eghball et al. 
(2005), using BP to measure P in soils amended with undetermined beef cattle manure, found 
at least 60% compared with inorganic fertilizer (K2HPO4) by the end of a 8-week incubation 
period, and 72% when averaged across soils and incubation lengths. However, in a field 
study, Eghball et al. (2002) found that 85% of the cattle feed-lot P manure applied was 
available in the first year after the application. 
Significant interactions of P test method by manure and soil by method by manure 
source indicate that the ranking of relative efficiency among of the manures was different 
depending on the test method and the soil, although the interaction of soil by manure was not 
significant for all four test methods (Table 8). Data for BEDDED and CONCRETE manures 
had the highest relative efficiency and did not differ for any test method or soils, but 
efficiencies for the other three manures sometimes differed among soils or test methods, 
which explains the significant interaction. One clear difference was that the efficiency of 
NoCCP manure was the lowest or was among the lowest for most methods and soils, with the 
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only exception of the WEP method and Adair soil. In this instance, the NoCCP efficiency 
was intermediate between BEDDED (the highest) and DIRT (the lowest) in a group together 
with CONCRETE and PIT manures. The other clear difference was that the efficiency of PIT 
and DIRT manures did not differ in most instances (in nine of 12 methods by soil 
combinations) but was higher for PIT in three instances; which were M3P and Adair, OP and 
Harps, and WEP and Adair. The DIRT manure P efficiency never was significantly higher 
than PIT manure. We could not find reasonable explanations for the finding for the single in 
which the NoCCP efficiency was not the lowest (for WEP in the Adair soil) or the three 
instances in which PIT efficiency was higher than for DIRT. Therefore, we believe that the 
differences and the significant triple interaction resulted from random variation or 
experimental error. 
 
Impact of the manure water-soluble P concentration 
We studied the impact of manure MWSP concentrations in two ways. First we 
studied how the relative P efficiency compared to DAP of the five manures utilized for the 
incubation results shown in Table 8 relate to the proportion of manure MWSP measured by 
two methods. The proportion of MWSP in the manure samples measured in as-is manure 
(Kleinman et al., 2007) was not a good indicator of P availability as evaluated by soil testing. 
For example, BEDDED and NoCCP manures had the greatest MWSP proportion of TP as 
measured in the as-is samples (57 and 48%, respectively) (Table 1), but BEDDED showed 
the highest relative efficiency compared to DAP, and NoCCP showed the lowest (Table 8). 
Moreover, DIRT with a much lower as-is MWSP (18%) showed higher relative efficiency 
than NoCCP (48% MWSP) and similar to PIT (46% MWSP). 
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The proportion of manure MWSP measured in dried samples as part of the manure P 
fractionation technique did not explain well the manure P efficiency relative to DAP in table 
8. For example, CONCRETE manure had a lower proportion of MWSP according to the 
fractionation analysis (24%, Table 5) compared to PIT and NoCCP (42 and 45%, 
respectively) but resulted on greater relative P effectiveness than these two manures. The 
sum of water P and bicarbonate Pi and Po has been considered as an estimate of the most 
plant-available P fractions in manure. However, the sum of these two fractions did not clearly 
explain P availability in manure evaluated by the four P methods in our study. Relative P 
effectiveness compared to DAP clearly was (P < 0.05) greater for BEDDED and 
CONCRETE manures (Table 8), but the sum of water Pi and bicarbonate Pi and Po for 
BEDDED, CONCRETE, PIT, and NOCCP manures were very similar (58 to 65% of manure 
TP, Table 5). Moreover, although the sum of these P fractions was much lower for DIRT 
compared to NoCCP (37 and 58%, respectively), the relative P effectiveness was greater for 
DIRT across soils and P methods (Table 8). 
Results of the ANOVA to study effects of MWSP levels measured on as-is samples, 
which were three for BEDDED, CONCRETE, and DIRT and two for PIT (Table 1), 
indicated that there was a consistent significant (P < 0.05) main effect of MWSP level and 
interaction with soil only for the WEP method. The manure MWSP level and its interaction 
with soil were not significant or small and inconsistent for BP, M3P and OP. Therefore, 
results for these methods are not shown. 
Table 9 shows mean WEP concentrations averaged for the first three sampling dates 
(five weeks) for each manure MWSP level, manure type, and soil. We show averages for the 
first three sampling dates because for this method the most significant STP differences 
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occurred within this period. In Adair, there was a small WEP difference (P < 0.05) among 
manure MWSP levels only for BEDDED and PIT manures, for which contrary to 
expectations WEP was greatest for the medium or lowest manure MWSP level. For Harps 
soil, in contrast, WEP differences among the manure MWSP levels were significant for the 
four manures, and in most cases values were greatest as the manure MWSP level increased, 
and differences were large. Only for DIRT manure WEP values did not differ between the 
medium and high manure MWSP level. The WEP values were significantly greater for the 
high MWSP level than for the low level for BEDDED, CONCRETE, and DIRT, averaging 
10 and 8 mg P kg
-1
 for the high and low levels, respectively. In contrast, WEP for the PIT 
manure was greater for the low MWSP level, although the difference was small. In Nicollet, 
results were similar to the Adair soil in that there were small or not significant WEP 
differences among manure MWSP levels, and when significant, WEP was greater for the 
high and low manure MWSP level than for the medium level. 
As expected given results described before, correlation and regression analyses across 
all manure samples included in the incubation study (12 samples) between STP and the 
actual value of MWSP expressed as the percentage of TP or amount of MWSP applied 
showed non-significant or very poor correlations for all test methods and soils (not shown), 
except for WEP and the Harps soil. Across all manure samples, WEP increased significantly 
(P < 0.05) and linearly with increasing manure MWSP expressed either as the proportion of 
manure TP or amounts of MWSP applied. For manure MWSP determined on an as-is basis 
the r
2
 of the linear relationship was 0.58, and for manure MWSP determined on a dry basis 
was 0.70. Therefore, manure MWSP expressed as the percentage of TP or as the amount of 
MWSP applied did not predict well manure P application effects on STP as measured by BP, 
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M3P, and OP for all soils and manure types, and for the WEP method did well only for the 
calcareous Harps soil. 
 
Summary and Conclusions 
The survey of manure from beef cattle feedlots showed large variation in almost all 
manure chemical properties. However, grouping samples according to major type of beef 
production facility and manure management showed some clear differences relevant to 
manure P. TP concentration and the proportion of MWSP of TP were greater for BEDDED, 
CONCRETE and PIT manures, averaging 10.1, 11.4 and 14.6 g kg
-1
of TP, respectively, and 
59, 57 and 55% to MWSP, respectively. For DIRT and NoCCP, TP averaged 5.3 and 7.0 g 
kg
-1
, respectively, and MWSP resulted on average 21 and 42% of TP, respectively. The 
exclusion of distiller’s grains or corn gluten feed in animal diet decreased both manure TP 
and MWSP concentrations. The lowest TP concentration and MWSP proportion for DIRT 
manure indicate a dilution effect of nutrients when manure is mixed with soil. Manure 
MWSP had interesting correlations with other manure properties across all samples. One was 
that the MWSP concentration expressed as percentage of manure TP increased linearly as TP 
increased (r
2
 = 0.72). Also, the proportion of MWSP of the TP decreased linearly with 
increasing manure DM concentration (r
2
 = 0.77). 
Results of the manure P fractionation study showed that the proportion of Pi forms 
were higher than Po forms in all manure types, ranging from 65 to 81% for Pi and 13 to 26% 
for Po. On average, there were small Pi concentration differences among manure types except 
for NoCCP which had the lowest proportion of Pi (65%) and the highest of Po (26%). Low 
concentration of recalcitrant residual P (< 10%) and high concentrations of easily extractable 
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P (water P + bicarbonate P) for BEDDED, CONCRETE, and PIT manures suggested high 
levels of potentially available P for crops in these manures. 
Results of the incubation study showed mostly non-significant or small and 
inconsistent length of incubation (1 to 23 wk) and P source effects on STP for the three soils 
measured by BP, M3P, OP, and WEP test methods. For the few instances in which length of 
incubation was statistically significant, STP measured by BP, M3P, and OP generally 
declined over time for Adair and Nicollet soils but there was seldom effects for the Harps 
soil. The significant incubation length effect for WEP were decreasing trends for Adair and 
Nicollet soils but increasing trends for the Harps soil. These trends were explained by lower 
extractable Al and Fe (in spite of higher extractable Ca) in the Harps soil. 
The proportion of manure MWSP determined either as-is or dried samples seldom 
was a useful indicator of manure P availability as measured by soil P testing. The only 
exception was for the WEP method in the Harps soil and during the first 5 wk of incubation, 
for which WEP increased linearly as manure MWSP increased. The only manure P form 
determined with the P fractionation technique that was related to manure P efficiency 
compared to DAP was the MWSP fraction, but only for WEP in the calcareous Harps soil for 
which were positively and linearly correlated. The proportion of manure Pi/Po may be useful 
only in extreme cases, since the lowest proportion of Pi for NoCCP matched its lowest P 
efficiency, but this was more easily identified by MWSP. 
Manure P efficiency in increasing STP relative to DAP for each combination of P 
source, soil, and STP method (means across incubation lengths) ranged from 58 to 101%. 
The manure P efficiency was influenced by the P extracting method, and on average was 
greater for M3P and OP (79 and 80%, respectively) than for BP and WEP (77 and 74%, 
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respectively). The effect of soil also was significant. On average, manure P efficiency was 
73, 84, and 76% of DAP for the Adair, Harps, and Nicollet soil, respectively. The much 
higher efficiency for the calcareous Harps soil was explained by much lower extractable Al 
and Fe then for the other soils, in spite of being calcareous. On average across incubation 
lengths, soils, and test methods, the manure P efficiency relative to DAP was the highest for 
BEDDED and CONCRETE manures (84 and 85%), intermediate for PIT and DIRT manures 
(77 and 74%), and the lowest for NOCCP manure (69%). 
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Table 1. Chemical properties of manure samples selected for the fractionation and incubation study.† 
Manure treatments  Manure Analysis‡ 
Manure 
MWSP 
Levels 
 MWSP§ Moisture TN TP TCa TC pH 
   % ------------------------ g kg
-1
 ------------------------  
PIT Low  46 870 61 17 24 433 6.5 
 High  74 920 46 9 18 438 6.4 
          
DIRT Low  8 180 8 8 62 76 7.6 
 Medium  18 73 11 3 10 87 7.5 
 High  35 360 8 5 8 68 7.7 
          
CONCRETE Low  35 790 33 15 21 396 7.7 
 Medium  56 750 35 11 22 421 6.8 
 High  78 710 38 15 18 419 6.5 
          
BEDDED Low  34 670 32 11 19 314 7.8 
 Medium  57 560 21 7 65 339 8.7 
 High  77 750 35 10 15 452 8.0 
          
NoCCP -  48 540 26 9 21 414 8.2 
† All element concentrations are on a dry-matter basis. 
‡ MWSP: Water Soluble P; TN: Total N; TP: Total P; TCa: Total Ca; TC: Total Carbon. 
§ MWSP expressed as a proportion of the TP. 
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Table 2. Selected soil chemical and physical properties. 
  Adair Harps Nicollet 
Classification  Aquertic Argiudoll Typic Calciaquoll Aquic Hapludoll 
Texture  Silty clay loam Clay loam Clay loam 
Sand (g kg
-1
)  120 250 290 
Silt (g kg
-1
)  600 400 410 
Clay (g kg
-1
)  380 350 300 
     
Bray-1 P (mg kg
-1
)  5 12 5 
Mehlich-3 P (mg kg
-1
)  6 18 7 
Olsen P (mg kg
-1
)  4 6 3 
Water P (mg kg
-1
)  1 4 2 
Al (mg kg
-1)†  479 342 290 
Fe (mg kg
-1)†  167 57 161 
K (mg kg
-1) ‡  53 75 44 
Ca (mg kg
-1) ‡  2680 10000 3590 
Mg (mg kg
-1) ‡  490 310 390 
O.M. (g kg
-1
)  35 50 43 
pH  6.1 7.6 6.0 
† Mehlich-3 extraction. 
‡ Ammonium acetate extraction. 
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Table 3. Selected properties of each manure group from the survey. 
Measurement† Stat BEDDED CONCRETE DIRT NoCCP PIT 
N  41 25 27 7 7 
Moisture (g kg-1) Mean‡ 666b 642b 343c 618b 881a 
 Median 670 640 367 614 872 
 SD 65 138 146 48 23 
 Range 514-780 234-786 73-691 542-674 858-915 
Total C (g kg-1) Mean 380a 377a 116b 375a 421a 
 Median 399 396 87 394 426 
 SD 66 86 70 102 21.7 
 Range 151-478 140-459 39-312 159-470 386-449 
Total N (g kg-1) Mean 31.9b 32.1b 10.8c 28.7b 55.5a 
 Median 32.9 30.7 10.6 31.9 59.2 
 SD 7.0 8.0 5.3 7.0 10.0 
 Range 16.0-48.4 12.6-49.2 3.3-29.3 14.4-37.3 43.8-71.0 
Organic N (g kg-1) Mean 28.4a 27.3a 10.4c 26.7a 21.1b 
 Median 29.1 27.7 10.4 30.4 21.2 
 SD 7.1 6.3 4.9 6.7 4.2 
 Range 10.3-46.0 10.9-40.4 3.0-26.9 13.0-32.6 13.4-25.4 
Total P (g kg-1) Mean 10.1b 11.4b 5.3c 7.0c 14.6a 
 Median 9.8 11.2 4.7 6.8 16.2 
 SD 2.2 3.3 2.1 1.0 3.3 
 Range 5.4-15.5 5.2-18.5 2.2-10.6 5.9-8.7 9.2-18.0 
MWSP (g kg-1) Mean 6.1b 6.5ab 1.1d 3.0c 7.7a 
 Median 6.1 6.1 0.8 3.0 7.7 
 SD 2.2 2.9 0.8 0.9 1.0 
 Range 1.6-10.4 2.0-12.9 0.2-3.8 1.5-4.2 6.5-9.6 
Water P (%)§ Mean 59a 57a 21c 42b 55a 
 Median 59 53 18 42 50 
 SD 14 18 13 9 10 
 Range 29-83 30-90 5-73 25-57 46-74 
Total K (g kg-1) Mean 22.4b 22.6b 10.3d 16.9c 33.4a 
 Median 20.9 22.2 9.9 16.6 34.5 
 SD 4.9 6.6 2.9 3.6 7.5 
 Range 13.9-31.4 8.9-37.0 4.4-17.9 10.0-22.3 23.3-47.3 
Total Ca (g kg-1) Mean 26.4 24.6 25.7 29.2 20.9 
 Median 17.1 20.5 13.7 28.1 21.3 
 SD 20.6 16.1 29.0 12.5 2.9 
 Range 9.6-82.0 9.9-73.7 4.5-119.5 15.6-49.5 17.0-24.3 
Total Mg (g kg-1) Mean 8.8 6.9 8.3 11.2 7.1 
 Median 6.2 6.5 5.9 9.8 7.6 
 SD 6.3 1.5 10.9 6.4 1.5 
 Range 4.3-27.9 4.8-9.6 2.7-63.2 5.0-21.6 5.0-8.9 
Total S (g kg-1) Mean 6.0b 5.6b 2.7c 3.8c 8.1a 
 Median 5.9 5.4 2.2 3.5 8.6 
 SD 1.4 1.6 1.6 0.4 3.4 
 Range 3.2-9.0 2.8-9.2 0.8-8.9 3.3-4.3 3.4-11.9 
pH Mean 7.9a 7.3b 7.7ab 7.7ab 6.7c 
 Median 7.9 7.4 7.6 7.7 6.7 
 SD 0.55 1.1 0.6 0.9 0.2 
 Range 6.6-8.8 4.7-9.1 6.3-9.0 5.7-8.8 6.3-7.0 
† All measurements except moisture concentration are expressed on a dry matter basis. 
‡ Measurements followed by the same letter are not statistically (P < 0.05) different. 
§ Water-extractable P expressed as a percent of the total P. 
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Table 4. Pearson simple correlation coefficients among selected manure properties. 
 MWSP% † Total P Moisture Total Ca Total Mg Total N pH 
MWSP  0.86 0.85 0.70 ns‡ ns 0.80 -0.23 
MWSP%  0.54 0.65 ns ns 0.66 -0.21 
Total P   0.69 ns ns 0.81 -0.14 
Moisture    ns ns 0.76 ns 
Total Ca     0.70 ns ns 
Total Mg      ns ns 
Total N       -0.21 
† MWSP expressed as a proportion of TP. 
‡ ns, non-significant correlation (P < 0.05). 
 
 
 
 
 
 
Table 5. Inorganic and organic P fractions of beef manure samples selected for the incubation study. 
 BEDDED  CONCRETE  DIRT  PIT  NoCCP 
P fraction WPL† WPM† WPH† Mean  WPL WPM WPH Mean  WPL WPM WPH Mean  WPL WPH Mean   
 --------------------------------------------------------------------------------------------------- g kg-1 ----------------------------------------------------------------------------------------------------- 
Inorganic                     
  Water 3.62 4.41 6.33 4.79  0.40 2.87 8.55 3.94  0.83 0.67 0.43 0.64  8.29 4.33 6.31  3.99 
  NaHCO3 2.33 1.17 1.50 1.63  2.62 3.89 3.03 3.18  1.69 0.93 1.17 1.26  2.25 3.93 3.09  0.79 
  NaOH 0.61 0.32 0.28 0.40  0.29 0.64 0.66 0.53  1.85 0.73 0.97 1.18  0.91 0.32 0.62  0.34 
  HCl 2.40 0.76 0.76 1.31  7.99 1.53 1.45 3.65  2.38 0.47 1.28 1.38  5.11 1.95 3.53  0.68 
  Total 8.95 6.67 8.88 8.17  11.31 8.93 13.68 11.31  6.76 2.79 3.85 4.47  15.74 10.53 13.14  5.79 
Organic                     
  NaHCO3 0.48 0.35 0.29 0.37  0.17 0.54 0.45 0.39  0.35 0.07 0.23 0.22  0.63 0.70 0.67  0.35 
  NaOH 1.17 0.84 1.18 1.06  0.95 1.12 1.06 1.04  0.47 1.02 0.59 0.69  0.77 1.09 0.93  1.54 
  HCl 0.26 0.32 0.33 0.30  0.61 0.25 0.17 0.34  0.46 0.09 0.18 0.24  0.81 0.34 0.58  0.44 
  Total 1.92 1.51 1.80 1.74  1.73 1.92 1.68 1.78  1.28 1.17 1.00 1.15  2.20 2.12 2.16  2.33 
Residual 1.54 0.95 0.65 1.05  0.89 1.37 0.62 0.96  0.74 0.49 0.33 0.52  1.60 0.46 1.03  0.83 
Total 12.42 9.11 11.33 11.00  13.92 12.21 15.98 14.03  8.78 4.46 5.18 6.14  19.54 13.09 16.33  8.95 
 ---------------------------------------------------------------------------------------- Percent of the total P (%) ---------------------------------------------------------------------------------------- 
Inorganic                     
  Water 29 48 56 44  3 24 53 28  10 15 8 10  42 33 39  45 
  NaHCO3 19 13 13 15  19 32 19 23  19 21 23 21  12 30 19  9 
  NaOH 5 4 2 4  2 5 4 4  21 16 19 19  0 2 4  4 
  HCl 19 8 7 12  57 13 9 26  27 11 25 22  26 15 22  8 
  Total 72 73 78 74  81 73 86 81  77 63 74 72  81 80 80  65 
Organic                     
  NaHCO3 2 4 3 3  1 4 3 3  4 1 4 4  3 5 4  4 
  NaOH 9 9 10 10  7 9 7 7  5 23 11 11  4 8 6  17 
  HCl 2 4 3 3  4 2 1 2  5 2 4 4  4 3 4  5 
  Total 14 17 16 16  12 16 11 13  15 26 19 19  11 16 13  26 
Residual 12 10 6 10  6 11 4 7  8 11 6 9  8 3 6  9 
† WPL, WPM, and WPH, water-extractable manure P levels low, medium, and high. 
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Table 6. Soil-test P values for Bray-1 and Mehlich-3 methods during the incubation period. 
  Bray-1  Mehlich-3 
  Incubation length (week)    Incubation length (week)   
Soil P source 1 2 5 9 14 23 Means Stat†  1 2 5 9 14 23 Means Stat 
  --------------------------- mg kg-1 ----------------------------   ---------------------------- mg kg-1 ---------------------------  
Adair DAP 19 23 25 19 21 19 21.1a L-  19 22 24 18 18 20 20.3a ns 
 BEDDED 20 18 18 15 15 15 16.7b Exp-  21 18 18 15 13 14 16.6b Exp- 
 CONCRETE 19 17 16 15 17 15 16.5bc ns  19 16 16 15 15 14 15.7b ns 
 PIT 17 18 15 13 16 13 15.3cd ns  19 18 15 14 14 13 15.4b ns 
 DIRT 16 15 14 12 14 14 14.3d Exp-  17 14 14 13 12 13 13.6c Exp- 
 NoCCP 13 15 14 10 11 11 12.3e ns  14 16 13 10 13 11 12.7c L- 
Harps DAP 33 32 32 31 33 32 32.2a ns  48 45 48 44 46 45 45.8a ns 
 BEDDED 27 25 25 30 29 30 27.6bc L+  43 40 41 40 41 44 41.3bc ns 
 CONCRETE 27 25 27 28 30 30 27.7b ns  42 40 41 42 44 44 41.9b ns 
 PIT 27 26 30 25 27 25 26.4c ns  40 40 43 38 38 39 39.6cd ns 
 DIRT 26 26 28 26 27 28 26.8bc ns  36 36 38 36 39 42 37.9d L+ 
 NoCCP 21 19 21 26 24 21 22.1d Q13+  37 34 34 36 34 36 35.2e ns 
Nicollet DAP 19 27 30 28 29 32 27.5a L+  20 29 28 27 32 32 28.1a ns 
 BEDDED 25 25 24 22 24 21 23.4b L-  29 24 24 22 24 22 24.0b Q17- 
 CONCRETE 23 21 22 25 23 23 22.7b ns  25 22 22 21 21 23 22.5bc Q13- 
 PIT 21 17 20 21 18 25 20.3c L+  23 20 21 22 19 26 21.6c ns 
 DIRT 20 19 20 20 18 18 19.2cd L-  21 20 19 18 19 19 19.3d Q13- 
 NoCCP 18 19 18 16 19 19 18.2d ns  19 19 19 16 16 20 18.2d Q12- 
                   
Means DAP 24 27 29 26 28 28 26.9a ns  29 32 33 30 32 32 31.4a ns 
 BEDDED 24 23 22 22 23 22 22.6b ns  31 28 27 25 26 27 27.3b Q13- 
 CONCRETE 23 21 22 23 23 22 22.3b ns  28 26 26 26 27 27 26.7b ns 
 PIT 22 20 21 20 20 21 20.6c ns  27 26 26 25 24 26 25.5c ns 
 DIRT 21 20 21 20 20 20 20.1c ns  25 23 24 22 23 25 23.6d Q11- 
 NoCCP 17 18 17 17 18 17 17.5d ns  23 23 22 21 21 22 22.0e ns 
† Stat, statistics for incubation length effects: ns, not significant at P < 0.05; L or Q, linear or quadratic best-fitting model for treatment effects on STP over time 
affected by incubation length: L-, linear decreasing; L+, linear increasing; Exp-, exponential decrease to a minimum; Q, quadratic with the numeral and minus or plus 
sign indicating the week for the estimated minimum or maximum. 
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Table 7. Soil-test P values for Olsen and water-extractable (WEP) methods during the incubation period. 
  Olsen  WEP 
  Incubation length (week)    Incubation length (week)   
Soil P source 1 2 5 9 14 23 Means Stat†  1 2 5 9 14 23 Means Stat 
  --------------------------- mg kg-1 ----------------------------   ---------------------------- mg kg-1 --------------------------  
Adair DAP 12 14 15 10 10 10 11.8a L-  2.7 3.4 3.5 3.0 2.9 3.3 3.1a ns 
 BEDDED 10 12 11 8 8 7 9.4b L-  2.4 3.0 2.4 2.0 1.9 2.3 2.3c Q14- 
 CONCRETE 10 10 9 8 9 8 8.8bc ns  2.3 3.2 3.2 2.2 2.2 2.4 2.6b ns 
 PIT 11 10 8 7 8 6 8.5c L-  2.4 2.9 2.2 2.2 2.1 2.4 2.4bc ns 
 DIRT 8 9 8 7 7 7 7.6d Q17-  1.8 2.3 2.1 2.0 1.8 2.4 2.1d ns 
 NoCCP 7 10 9 5 7 6 7.2d L-  2.8 2.6 1.7 1.8 2.0 2.0 2.2cd Exp- 
Harps DAP 19 15 18 13 14 15 15.5a Exp-  10.3 12.3 11.1 12.5 11.2 11.6 11.5a ns 
 BEDDED 17 15 16 14 14 15 15.0a ns  7.4 8.1 9.7 10.6 10.7 11.2 9.6b Exp+ 
 CONCRETE 16 18 16 13 15 15 15.4a ns  7.3 8.9 10.2 11.1 11.0 11.3 10.0b Exp+ 
 PIT 16 13 15 11 11 10 12.4b L-  6.9 6.8 9.3 8.9 8.3 8.5 8.1c Exp+ 
 DIRT 14 15 17 14 14 14 14.6a ns  6.6 7.1 8.7 10.0 9.1 9.9 8.6c Exp+ 
 NoCCP 14 13 13 13 12 13 12.9b ns  6.0 6.8 8.3 9.5 9.0 9.2 8.1c Exp+ 
Nicollet DAP 11 16 16 15 17 16 15.2a ns  5.6 7.7 8.3 8.7 8.5 10.6 8.2a Lin+ 
 BEDDED 13 16 13 12 13 11 13.0b L-  7.1 6.2 4.1 4.4 4.8 5.7 5.4c Q13+ 
 CONCRETE 13 12 13 13 13 12 12.5b ns  6.6 5.9 5.5 6.5 5.9 7.2 6.3b Q8+ 
 PIT 12 11 11 11 10 12 11.0c ns  5.5 4.9 4.4 5.4 4.7 6.9 5.3c Q9+ 
 DIRT 11 12 12 11 11 10 11.1c L-  4.1 5.2 4.3 5.0 5.3 6.4 5.1c Lin+ 
 NoCCP 9 12 11 10 11 10 10.3c ns  6.2 4.8 4.1 4.8 5.2 6.3 5.2c Q10+ 
                   
Means DAP 14 15 16 13 14 14 14.2a ns  6.2 7.8 7.6 8.1 7.5 8.5 7.6a L+ 
 BEDDED 13 14 13 11 12 11 12.5b L-  5.6 5.7 5.4 5.7 5.8 6.4 5.8c ns 
 CONCRETE 13 13 12 11 12 11 12.2b L-  5.4 6.0 6.3 6.6 6.4 7.0 6.3b L+ 
 PIT 13 11 11 10 10 10 10.7cd Exp-  4.9 4.9 5.3 5.5 5.0 5.9 5.3d L+ 
 DIRT 11 12 12 10 10 11 11.1c L-  4.2 4.9 5.1 5.6 5.4 6.3 5.3d L+ 
 NoCCP 10 11 11 9 10 10 10.1d L-  5.0 4.7 4.7 5.4 5.4 5.8 5.2d L+ 
† Stat, statistics for incubation length effects: ns, not significant at P < 0.05; L or Q, linear or quadratic best-fitting model for treatment effects on STP over time 
affected by incubation length: L-, linear decreasing; L+, linear increasing; Exp-, exponential decrease to a minimum; Q, quadratic with the numeral and minus or plus 
sign indicating the week for the estimated minimum or maximum. 
6
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Table 8. Relative effectiveness of manure P at increasing soil-test P compared to DAP across 23 
weeks of incubation.† 
  
Manure Type‡ 
 Method Soil BEDDED CONCRETE PIT DIRT NoCCP Means 
Bray-1 Adair 80 a 79 a 74 ab 69 b 58 c 72 b 
 
Harps 86 a 86 a 82 ab 83 ab 69 c 81 a 
 
Nicollet 89 a 86 ab 77 bc 73 c 69 c 79 a 
 
Means 85 a 84 a§ 77 b 75 b 65 c 77 ¶ 
   
 
 
 
 
 
 
 
 
 
 
 
Mehlich-3 Adair 82 a 79 a 77 a 68 b 63 b 74 c 
 
Harps 91 ab 92 a 87 bc 83 bc 77 c 86 a 
 
Nicollet 90 a 84 a 80 ab 72 bc 68 c 79 b 
 
Means 88 a 85 ab 81 b 74 c 69 d 79 ¶ 
   
 
 
 
 
 
 
 
 
 
 
 
Olsen Adair 80 a 76 ab 73 ab 65 bc 61 c 71 c 
 
Harps 98 a 101 a 80 b 95 a 84 b 92 a 
 
Nicollet 88 a 84 a 75 b 76 b 69 c 79 b 
 
Means 89 a 87 a 76 b 79 bc 72 c 80 ¶ 
   
 
 
 
 
 
 
 
 
 
 
 
WEP Adair 76 ab 82 a 76 ab 65 c 70 ab 74 ab 
 
Harps 84 a 87 a 71 b 75 b 71 b 77 a 
 
Nicollet 70 ab 79 a 67 b 63 b 68 b 70 b 
 
Means 76 b 83 a 71 bc 68 c 69 c 74 ¶ 
   
 
 
 
 
 
 
 
 
 
 
 
Means Adair 79 a 79 a 75 ab 67 c 63 c 73 c 
 
Harps 89 a 91 a 80 b 84 b 75 c 84 a 
 
Nicollet 84 a 83 ab 75 ab 71 b 68 b 76 b 
 
Means 84 a 85 a 77 b 74 b 69 c 78  
† Relative P effectiveness is expressed in percentage unit (%).  
‡ Numbers in a row followed by the same letter across columns for the five manures do not differ (P < 0.05). 
§ Soil means within each test method followed by the same letter are not statistically different. 
¶ The mean relative efficiency between methods was the greatest (and similar) for Mehlich-3 and Olsen, 
intermediate for Bray-1, and the lowest for WEP. The interaction soil by P source by method was significant. 
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Table 9. Soil water-extractable P of three soils after 5 wk of incubation for four manure P 
sources and manure water-soluble P (MWSP) levels. 
Soil MWSP level BEDDED CONCRETE DIRT PIT 
  --------------------------- mg kg
-1
 --------------------------- 
Adair High 2.8b† 2.9 2.3 2.0b 
 Medium 2.3c 2.6 2.1  
 Low 3.5a 2.9 2.3 2.4a 
Harps High 11.0a 10.4a 8.4a 7.5b 
 Medium 9.6b 10.0b 8.6a  
 Low 7.9c 6.8c 7.8b 8.1a 
Nicollet High 7.1a 6.8a 5.5a 5.4 
 Medium 5.4b 6.2b 5.1b  
 Low 7.4a 7.0a 5.4a 5.3 
† Numbers within a column for each soil followed by different letters are statistically (P < 0.05) 
different. 
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Fig. 1. Relationship between manure water-soluble P and manure total P concentrations. 
 
 
Fig. 2. Relationship between manure water-soluble expressed as percentage of total P and manure dry 
matter concentration. 
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CHAPTER 3. GENERAL CONCLUSIONS 
 
The objectives of this study were to survey feedlot manure in Iowa, analyze manure 
for phosphorus (P) and other chemical properties, as well as to estimate the crop-P 
availability by soil testing. After the intensive manure survey across Iowa, beef samples were 
grouped into five groups: manure with bedding material (BEDDED), open concrete floor 
(CONCRETE), dirt floor (DIRT), no feeding of corn co-products (NoCCP), and liquid from 
deep pits (PIT). One representative sample from each category was chosen for a P 
fractionation procedure, and for an aerobically incubation of manure with soil. The 
treatments in the incubation included a control, DAP, and one sample of each manure group 
applied at one P rate with three different soils, and treatments sampled collected after 1, 2, 5, 
9, 14, and 23 weeks of incubation. 
The results showed that type of housing, manure management and storage methods, 
and animal diet impacted nutrient concentrations in manure. Total manure N, P, K, and S 
were greater for BEDDED, CONCRETE, and PIT manures. Concentration of manure total P 
(TP) and the proportion of water-soluble P (MWSP) of TP were greatest for BEDDED, 
CONCRETE, and PIT manures, averaging 10.1, 11.4, and 14.6 g kg
-1
 TP, respectively; and 
59, 57, and 55% MWSP, respectively. For DIRT and NoCCP, TP averaged 5.3 and 7.0 g kg
-
1
, respectively, and MWSP was 21 and 42% of the TP, respectively. The exclusion of 
distiller’s grains or corn gluten feed in animal diet resulted in low TP and MWSP levels in 
manure. Also, the mixture of DIRT manure with soil reduced the concentrations of TP and 
MWSP. 
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Results of the manure P fractionation procedure showed that the proportion of 
inorganic P (Pi) forms was higher than the organic P (Po) forms in all manure types, ranging 
from 65 to 81% for Pi and 13 to 26% for Po. There were small differences in inorganic P 
concentrations among manure types except for NoCCP which had the lowest proportion of Pi 
(65%) and the highest Po (26%). In contrast, high levels of potentially plant available P (> 
62%) and low recalcitrant P concentration (6%) were found for BEDDED and PIT manures. 
Results of the incubation study showed mostly non-significant or small and 
inconsistent length of incubation (1 to 23 wk) and P source effects on soil-test P (STP) for 
the three soils as measured by Bray-1, Olsen, Mehlich-3, and water-extractable P test 
methods. Soil-test P concentration generally declined during the incubation period in all soils 
except WEP in Harps, for which there was an increasing trend for all manure sources. This 
contrasting STP change over time for WEP particularly in Harps soil was explained by 
higher initial STP and lower sorption capacity, and also soil properties (such as higher pH 
and organic matter content) that could have resulted in greater P mineralization rates. 
Compared to di-ammonium phosphate (DAP) fertilizer, the crop-available P in beef 
manure estimated by soil testing ranged from 58 to 101% across soils and incubation lengths, 
as evaluated by BP, M3P, OP and WEP. P availability was affected by P extracting method. 
The manure P efficiency compared to DAP averaged 80% for M3P and OP and 76% for BP 
and WEP. Also, the P availability was influenced by soil type, averaging 73, 84, and 76% of 
DAP for the Adair, Harps, and Nicollet soils, respectively. The lower manure P efficiency for 
Adair and Nicollet soils compared to Harps could be explained by higher Al and Fe 
concentrations than for Harps and lower initial STP and organic matter. On average across 
incubation lengths, soils, and P test methods, the manure P efficiency relative to DAP was 
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the highest for BEDDED and CONCRETE manures (84 and 85%), intermediate for PIT and 
DIRT manures (77 and 74%), and the lowest for NOCCP manure (69%). 
Overall, the results indicated that type of housing, manure management, and animal 
diet changed P concentrations and P forms in beef cattle manure. Manure from operations 
that excluded corn co-products (NoCCP) in animal rations and confined cattle in corrals with 
earthen floors (DIRT) had low concentrations of TP and crop-available P. The crop-available 
P in five beef cattle manure types ranged from 69 to 85% compared with DAP fertilizer. The 
findings of this study are important for improving on-farm manure management decisions for 
more efficient use of manure nutrients and for prevention of over-application of P that can 
potentially threaten environmental quality. 
 
